FIGURE 1
Evolutionary relationships within Caricaceae. Branch lengths are proportional to time, and values at nodes indicate divergence times in million years, with bars indicating 95% posterior probability intervals. Chromosome numbers of species with newly counted chromosome numbers are in bold and in red. Chromosome numbers for Moringa oleifera are from Silva et al. (2011) and the Chromosome Counts Database ( Rice et al., 2015 ) , and for Moringa peregrina from Nazari et al. (2012) . Values in brackets refer to genome size ranges in millions of base pairs (Mbp) per haploid genome. Arrowheads indicate inferred events of descending dysploidy. The geological time scale is million years and follows Walker et al. (2012) .
In spite of the focus on Caricaceae as a model group for the evolution of sex chromosomes, the family has received little attention from molecular cytogeneticists, perhaps because of its assumed conservativeness. Five species have been studied with FISH; Costa et al. (2008) found variation in the number and position of 18S and 5S rDNA sites between C. papaya , V. goudotiana , and V. pubescens (under its synonym V. cundinamarcensis ), and Iovene et al. (2015) , using several BAC clones that were previously mapped to the papaya X/Y chromosomes, found that the presumed sex chromosomes of J. spinosa are homomorphic and pair completely. In other species, chromosomes had been counted with traditional means, and all were reported to have a diploid number of 2 n = 18 (Appendix S1, see Supplemental Data with the online version of this article). The remaining three genera have never been studied, yet are disproportionally important because, respectively, they represent the deepest divergence in the Caricaceae ( Cylicomorpha ) and the sister clade to Carica . We here used a molecular-clock-dated phylogeny for all species of Caricaceae to infer the direction and timing of changes in chromosome number (with our new data now available for 50% of the species) and FISH to test for the presence of interstitial telomere repeats (ITRs) in species with reduced chromosome numbers, as a possible indication of recent chromosomal fusions. Interstitial telomere repeats have been used as footprints of (evolutionarily recent) chromosome fusion in angiosperms and gymnosperms, such as in the legume Vicia faba , the Malvaceae Sideritis montana , in Solanum , in species of the Araceae genus Typhonium , and in Picea and Pinus ( Presting et al., 1996 ; Schmidt et al., 2000 ; He et al., 2013 ; Sousa et al., 2014 ; Sousa and Renner, 2015 ) . We also tested the expectation that genome sizes in Caricaceae would stay within a narrow range (as in Brassicaceae; Lysak et al., 2009 ) , given the absence of polyploidy in the family and the apparent stability of chromosomal homology across some of their genera ( Iovene et al., 2015 ) .
MATERIALS AND METHODS
Phylogenetic analysis, molecular clock dating -A molecular phylogeny was generated as done by Carvalho and Renner (2012) , using a matrix that includes one accession of each of the 34 species of Caricaceae and seven species of Moringa as outgroups. Th e matrix consisted of fi ve plastid loci ( trnL-trnF, rpl20-rps12, psbA-trnH intergenic spacers, matK and rbcL genes) and one nuclear marker (the ribosomal DNA internal transcribed spacers ITS1 and ITS2, plus the intervening 5.8S gene) and had 4711 aligned positions. Trees were inferred under maximum likelihood (ML) optimization in RAxML v8.0 ( Stamatakis, 2014 ) , using the GTR + Γ substitution model with four rate categories. Bootstrapping under ML used 1000 replicates.
Molecular clock dating relied on the uncorrelated lognormal relaxed clock model implemented in the program BEAST v1.8.0 ( Drummond et al., 2012 ) . We again used the GTR + Γ substitution model, a pure-birth (Yule) tree prior, and a Markov chain Monte Carlo (MCMC) chain length of 200 million generations, sampling every 10,000th generation. Log fi les were examined in the program Tracer v1.6 ( Rambaut et al., 2014 ) to assess convergence and to confi rm that eff ective sampling sizes for all parameters were larger than 200, indicating that MCMC chains were long enough to reach stationarity. Th e obtained trees were summarized with the program TreeAnnotator v1.8.0, with a 10% burn-in. A maximum credibility tree was then analyzed in the program FigTree v1.4.2 ( http://tree. bio.ed.ac.uk/soft ware/fi gtree/ ). Th e divergence of the Caricaceae/ Moringaceae has been estimated in three large-scale studies (of fl owering plants and of Brassicaceae) that used fossil calibrations ( Wikström et al., 2001 : 59 (45-86)). We therefore assigned a normally distributed prior with a mean of 65 Ma and a standard deviation of 2 Ma to this node.
Plant material -Wild-collected seeds from Brazil, Mexico, and Kenya of Carica papaya , Cylicomorpha parvifl ora , Horovitzia cnidoscoloides , Jacaratia spinosa , Jarilla caudata , J. heterophylla , Vasconcellea caulifl ora , V. monoica , and V. quercifolia were germinated between 2012 and 2013, and seedlings were cultivated in the greenhouses of the Munich Botanical Garden. Vouchers have been deposited in the Munich herbarium (M) and are listed in Appendix S1.
Preparation of chromosome spreads -Root tips were collected from potted plants between 08:30 and 11:00 hours and pretreated with 70 ppm cycloheximide (Roth, Karlsruhe, Germany) in 2 mM 8-hydroxyquinoline for 2.5 h at room temperature, and for an additional 2.5 h at 4 ° C to increase the number of metaphase cells ( Tlaskal, 1979 ) , then fi xed in freshly prepared 3:1 (v/v) ethanol/glacial acetic acid at room temperature overnight, and stored at −20 ° C until use. Spreads of mitotic metaphase chromosomes were prepared by air-dry dropping as described by Aliyeva-Schnorr et al. (2015) , with the following modifi cations: Fixed root tips were digested with 1% cellulase (w/v; Onozuka RS; Serva, Heidelberg, Germany), 0.4% pectolyase (w/v; Sigma, St. Louis, Missouri, USA), 0.4% cytohelicase (w/v; Sigma) in citric buff er, pH 4.8 for 2 h 50 min at 37 ° C in a humid chamber, and the freshly prepared fi xative consisted of 1:1 (v/v) methanol/glacial acetic acid.
FISH and DNA probes -FISH was performed as described by Sousa et al. (2013) with the inclusion of an ethanol series of 70-90-100%, 2 min each, aft er the fi nal washes. For localization of the 5S and 45S rDNAs, we used the 18S-5.8S-25S rDNA repeat unit of Arabidopsis thaliana in the pBSK+ plasmid, labeled with digoxigenin-11-dUTP (Roche, Basel, Switzerland) by nick translation and a 349-bp fragment of the 5S rRNA gene repeat unit from Beta vulgaris cloned into pBSK+ ( Schmidt et al., 1994 ) and labeled with biotin-16-dUTP (Roche) by PCR. Telomere repeats were visualized with the Arabidopsis -type telomere probe amplifi ed according to Ijdo et al. (1991) using the oligomer primers (5 ′ -TTTAGGG-3 ′ ) 5 and (5 ′ -CCCTAAA-3 ′ ) 5 , labeled with digoxigenin-11-dUTP by nick translation. Slides were fi rst analyzed with the probes for telomeres and 5S rDNA. Th ey were then destained and rehybridized with 45S rDNA. At least 20 metaphases and prometaphases were analyzed, except for Carica papaya and Cylicomorpha parvifl ora for which at least 10 were analyzed. For Jarilla caudata and Vasconcellea quercifolia , slides were fi rst analyzed with the 5S and 45S rDNA probes, then destained and rehybridized with the telomere probe. Since little material was available for these last two species (2-7 metaphases analyzed), we show them only in Appendix S2 (see online Supplemental Data). Images were taken with a Leica DMR microscope equipped with a KAPPA-CCD camera and the KAPPA soft ware. Th ey were optimized for best contrast and brightness using Adobe (San Jose, California, USA) Photoshop CC 2014.
RESULTS
Genome size and chromosome number change in light of the phylogeny -A species of the African genus Cylicomorpha ( C. parviflora ) has the largest genome (968 Mbp/haploid genome) in the family, while most New World species have smaller and similar genome sizes ( Fig. 1 ; Appendix S1) . Th e 5-species clade of Carica , Horovitzia , and Jarilla has undergone a dramatic genome size doubling in one of its members, the genus Jarilla , while Carica and Horovitzia have slightly smaller genomes than most other Caricaceae.
Chromosome numbers, descending dysploidy, and distribution of FISH signals, including interstitial telomere repeats -Diploid chromosome numbers of Carica papaya , Cylicomorpha parvifl ora , Jacaratia spinosa , Vasconcellea caulifl ora , V. monoica , and V. quercifolia were confi rmed or newly established as 2 n = 18. Horovitzia cnidoscoloides has 2 n = 16, and Jarilla caudata and J. heterophylla have 2 n = 14 ( Figs. 2, 3 ; online Appendices S1-S3). All Caricaceae have submetacentric and metacentric chromosomes, and in species with 2 n = 18 chromosomes, they are of similar size. Horovitzia cnidoscoloides (2 n = 16) has two pairs of chromosomes that are smaller than the remaining six pairs ( Fig. 2D-F ) . Th e karyotypes of J. caudata and J. heterophylla (2 n = 14) each consist of one smaller and six larger chromosome pairs ( Fig. 2G-I ; Appendix S2A-C). In all species, centromeres, subterminal, and terminal regions are weakly stained or DAPI negative, while pericentromeric and interstitial regions are stained more brightly. Chromosomes of Carica papaya , Horovitzia cnidoscoloides , Jacaratia spinosa , and Vasconcellea monoica have strong heterochromatic blocks stained intensely.
Th e distribution of FISH signals among the nine studied species is summarized in Appendix S3. Th e number of 5S rDNA sites is variable, ranging from 15 pericentromeric signals in as many chromosomes in Vasconcellea quercifolia (Appendix S2E) over six major sites in three pairs and four minor sites in two others in Carica papaya ( Fig. 2B ; Costa et al., 2008 found only six such sites) to four sites in two chromosome pairs in Horovitzia cnidoscoloides ( Fig. 2E ) to just two subterminal sites in one pair in Cylicomorpha parvifl ora ( Fig. 3H ) .
Th e number of 45S rDNA sites is less variable, with Carica papaya ( Fig. 2C ) , Cylicomorpha parvifl ora ( Fig. 3I ) , Horovitzia cnidoscoloides ( Fig. 2F ) , Jacaratia spinosa ( Fig. 2L ) , and Vasconcellea caulifl ora ( Fig. 3C ) all having two sites in one chromosome pair (Appendix S2). Vasconcellea monoica ( Fig. 3F ) and V. quercifolia (Appendix S2F) have four sites, Jarilla caudata (Appendix S2C) has six, and J. heterophylla ( Fig. 2I ) has eight. In H. cnidoscoloides , sites are adjacent to the small 5S rDNA sites ( Fig. 2F , inset) , and sites syntenic to 5S rDNA sites occur in Jacaratia spinosa ( Fig. 2K, L ) , Jarilla caudata (Appendix S2B, C), J. heterophylla ( Fig. 2H, I ), Vasconcellea caulifl ora ( Fig. 3B, C ) , and V. quercifolia (Appendix S2E, F).
Telomere signals at terminal loci were present in all species ( Fig.  2A, D, G, J ; Fig. 3A , D, G ; Appendix S2A, D), and the two Jarilla species with 2n = 14 both have pericentromeric ITRs. Jarilla heterophylla has six ITRs, which correspond to the number and position of 5S rDNA sites ( Fig. 2G, H ) . Jarilla caudata has at least four ITRs, also corresponding to 5S rDNA sites (Appendix S2A, B), and there seem to be six weaker sites; however, due to a lack of suffi cient plant material, we can only confi rm four ITRs.
DISCUSSION
Descending dysploidy and the temporal decay of interstitial telomere arrays -From the distribution of chromosome numbers on the phylogeny ( Fig. 1 ) , it is clear that 2 n = 18 is the ancestral number, with sequential descending dysploidy from 18 to 16 to 14 in the 5-species-large papaya clade. We were unable to obtain material of the third species of Jarilla , J. chocola (also endemic in Mexico), but the other two species of this genus have 2 n = 14 ( Fig. 2G-I ; Appendix S2A-C), and the dysploidy from 16 to 14 could thus have occurred in the common ancestor of the genus, which lived about 5.5 Ma, while the preceding dysploidy, from 18 to 16, occurred in the common ancestor of Jarilla and Horovitzia , which diverged from each other about 16.6 Ma ( Fig. 1 ) . Descending dysploidy is relatively common ( Lysak, 2014 ) , with well-studied examples in herbaceous Brassicaceae ( Yogeeswaran et al., 2005 ; Lysak et al., 2006 ; Mandakova and Lysak, 2008 ; Cheng et al., 2013 ) , Oxalis ( Vaio et al., 2013 ) , Cucumis ( Yang et al., 2014 ) , Melianthaceae ( Pellicer et al., 2014 ) , and Araceae ( Sousa et al., 2014 ; Sousa and Renner, 2015 ) , but we have not found another instance of descending dysploidy (from 18 to 16 to 14) in a clade of trees and perennial climbers.
Th e presence of ITRs in the pericentromeric regions of at least two chromosome pairs in Jarilla caudata (Appendix S2A) and in three pairs in J. heterophylla ( Fig. 2G ) suggests chromosome rearrangements. Plausible rearrangement scenarios are end-to-end fusions, inversions, and translocations, including parts of chromosomes merging into the pericentromeric region of others ( Schubert and Lysak, 2011 ; Yang et al., 2014 ; Wang et al., 2015 ) . Large mainly heterochromatic ITRs in pericentromeric regions are known from mammals and plants ( Presting et al., 1996 ; Bolzán and Bianchi, 2006 ; Ruiz-Herrera et al., 2008 ; He et al., 2013 ; Majerová et al., 2014 ; Yang et al., 2014 ) , and it is thought that they are prone to breakage and rearrangements, fostering their amplifi cation and redistribution together with adjacent satellite repeats, which are abundant in pericentromeric regions ( Theuri et al., 2005 ; He et al., 2013 ) . Repeats are thought to become enriched near former break-and ligation points ( Yang et al., 2014 ; Wang et al., 2015 ) . Th e high variability of 5S rDNA copies in Caricaceae and their adjacency to the ITRs in both Jarilla species also suggest that these sites are linked to the amplifi cation of repetitive elements; most angiosperms have just two 5S sites ( Roa and Guerra, 2015 ) . Th e lack of ITRs in Horovitzia cnidoscoloides , which diverged roughly 16.6 Ma, could be explained by the decay of these repeats over time, while they are still detectable in the younger Jarilla lineage (roughly 5.5 Myr).
Lowest chromosome numbers correlate with genome size doubling -Contrary to our expectation that genome sizes in Caricaceae would stay within a relatively narrow range (as in Brassicaceae; Lysak et al., 2009 ) , which would have fi t the absence of polyploidy in the Caricaceae and the apparent homology of at least one chromosome pair across two distantly related genera ( Iovene et al., 2015 ) , we discovered that the species with the lowest chromosome number have genomes that are twice as large as those of their closest relatives ( Fig. 1 ; Appendix S1). Since there is no evidence of polyploidy, the increase in genome size likely is due to massive bursts in transposon amplifi cation. A possible mechanism is that transposable elements (TEs) "escape" repression and elimination mechanisms by integrating preferentially in or near centromeres ( Th euri et al., 2005 ; Luo et al., 2012 ) . Such TEs, for example, the chromoviruses Tekay, Galadriel, CRM, and Reina, vary greatly in abundance even in very closely related species ( Piednoël et al., 2013 ) . Th e genome size doubling in the common ancestor of J. caudata and J. heterophylla matches the amplifi cation of telomeric satellite repeats that we observed in their pericentromeric regions, perhaps with an accompanying increase of TEs. Regardless of the causes of the immense DNA increase, it likely contributed to further chromosomal rearrangements and the dysploidy from 18 to 16 to 14.
